To meet the unprecedented demand of environmental issues and tightened production cost, steel industry must develop the disruptively innovative process. In the present study, totally new steelmaking process of 'Solid State Steelmaking' (or S 3 process) without BOF process or liquid state oxidation process is proposed. The overview of the new process is as follows: (1) High carbon liquid iron from the ironmaking processes is directly solidified by using a strip casting process to produce high carbon thin sheets. (2) Then, the produced cast iron sheet is decarburized by introducing oxidizing gas of H2O or CO2 in a continuous annealing line to produce low carbon steel sheets. The most beneficial aspect of the S 3 process is the elimination of several steps such as BOF, and secondary refinement processes and no formation of inclusions. To investigate the feasibility of S 3 process, the cast iron strips with various high carbon content produced by a centrifugal slip casting method are decarburized at 1 248 K and 1 373 K by using H2O-H2 gas mixture and its kinetics of the decarburization is investigated. In the decarburization process, the carbon diffusion through the decarburized austenite phase but not the decomposition of cementite is the rate controlling step of the decarburizing process. It is found that 0.5 mass% C sheets can be produced from 3.89 mass% C sheets with the thickness of 1.0 mm within 30 min at 1 373 K. Based on these results, S 3 process is confirmed to be feasible as an alternative low cost steelmaking process although the further improvement of the process will be necessary.
Introduction
In the steelmaking process, many efforts have been paid on how to eliminate inclusions or bubbles from liquid steels. The existence of inclusions and bubbles is simply due to the liquid phase oxidation process of pig iron melts. The solubility of oxygen in liquid Fe is quite high so that oxygen is easily dissolved into the liquid iron during the liquid state de-carburization process. The solubility of oxygen in solid iron, however, is extremely small. The intake of oxygen during the decarburization process of the solid phase Fe-C can be negligible.
Based on this consideration, as an alternative approach to avoid the inclusion formation, totally new process which is called 'Solid State Steelmaking' (or S 3 process) has been investigated. Differed from the conventional steel sheet production process, pig iron (high carbon of about 5 mass%) from the ironmaking process is directly solidified into thin sheets by a strip caster and served for continuous solid state decarburization process that removes carbon from cast iron by gas-solid decarburization reaction. Namely, the new process eliminates the liquid state oxidation of conventional BOF process. Hot metal treatment before the strip casting will be preferably carried out to adjust final composition of the sheet product. The process image of S 3 process is schematically shown in Fig. 1 . The compositional paths for the conventional steelmaking and the solid state steelmaking process are shown in Fig. 2 . The pO2 changes of the conventional steelmaking process and S 3 process are shown in Fig. 3 . It is noted that there's no need to struggle for the oxygen control before the casting in S 3 process since there's no oxygen blowing for decarburization. Since the oxygen content in molten pig iron is extremely low of about less than 5 ppm, the oxygen content in strip cast sheet can be less than 5 ppm. Thus, inclusion formation is practically negligible. Another significant benefit of S 3 process is the elimination of many steps such as BOF, CC, secondary refinement and reheating or hot rolling process. By eliminating those steps, the energy, cost, CO 2 emission and time in steel production process can be drastically reduced.
For the successful implementation and development of S 3 process, the clear understanding and verification of the following two processes are important.
(1) Strip casting of cast iron.
(2) High speed solid state decarburization process to meet the mass production.
Strip casting of cast iron was already investigated by several researchers [1] [2] [3] [4] [5] and cast iron sheets with the thickness of 0.5 mm to 3 mm were successfully produced. Their main aims were the production of ductile cast iron sheet. Namely, the produced cast iron sheet was annealed to make precipitations of fine spheroidal graphite in a ferrite matrix. Recently, the high carbon steel sheet with about 0.5 mass% C has been commercially produced by using strip casting process by Nucor. 6) Although the carbon content is relatively low compared with that of cast iron, it supports the feasibility of the commercial production of cast iron sheet by strip casting. Based on these results, it can be said that there will be no essential problems for the production of the cast iron sheet by strip casting. Thus, by using the current strip casting technology, the cast iron sheets can be possibly produced.
Therefore, in this study, the decarburization behaviors of the solid Fe-C alloy with high carbon have been investigated. A large number of studies on the solid state decarburization of Fe-C steel has been carried out until now. [7] [8] [9] [10] [11] For example, the decarburization process of the austenite of 0.6 mass% C was studied by Nomura 7) and he calculated decarburizing ferrite depth considering chemical composition of steel and heating condition. Marder 8) studied the effect of carbon content on the kinetics of decarburization in Fe-C alloys of 0.8 mass% C at 1 089 K. In the previous studies, however, the carbon contents were generally less than about 1.0 mass% and they mainly focused on the phase transformation of austenite to ferrite phase by decarburization reaction. In the case of the decarburization of cast iron, however, the decarburization behaviors of the mixed phases of cementite and austenite must be investigated. Unfortunately, few studies on the decarburization of cast iron have been carried out 10, 11) and the details of its mechanism have not yet been clearly understood.
Experimental

Apparatus
In this study, a centrifugal casting method was employed to cast molten iron for high solidification rate. A horizontal furnace was used for decarburizing the cast iron specimen. The centrifugal casting machine and the decarburizing reaction system are shown in Figs. 4 and 5, respectively. The gas flow was controlled by the mass flow controller (MFC). The gases were purified by passing through a drying unit filled with CaSO 4 and then passed through the deoxidizing unit filled with magnesium chips at 723 K. For the setting of the suitable ratio of H 2 O/H 2 , Ar and H 2 mixture was passed through a water bath with a particular temperature. The method was the same as that described earlier.
12) The vapor pressure of water is determined by using the reported measured values. 13) To avoid the condensation of the water vapor, heating coils were used to heat the gas delivery line after the water bath. The pH 2 /(pH 2 O+pH 2 ) was fixed to 0.78. An alumina tube inside the resistance furnace was sealed by water-cooling copper end cap. The decarburizing gas was injected through a small alumina tube. Samples were easily taken out of the furnace or moved to end side of the furnace after decarburization by pulling rod for the water quenching or air cooling. ISIJ International, Vol. 52 (2012), No. 1
Experimental Procedure
Cast iron specimen was prepared by the centrifugal casting machine. At first, electrolytic iron (high purity) was melted with graphite flakes by induction heating at 1 923 K for 1 hr and sampled by a quartz sampling tube and then water quenched. This master alloy was put into the centrifugal casting machine to form a 1 mm thick cast iron strip. 70 g of this rod type master alloy was mixed with pure electrolytic iron to control the carbon concentration, and this alloy was put into an alumina crucible with ejecting hole and put into the casting chamber together with a copper mold. Then cast iron strips with three different carbon content of 3.89, 4.35 and 4.89 mass% C were prepared. The casting chamber was evacuated by a rotary pump for 3 minutes and Ar flushed for 1 minute. After 1 additional cycle of evacuation and Ar flushing, the master alloy was heated up to 1 896 K by induction heating. After fully melted, the molten alloy was cast. After 1.5 minutes, the mold was put into the water for fast cooling. After casting, the strip was cut into pieces with 10 mm × 20 mm × 1 mm size for decarburization experiments.
H2O/H2 gas mixture was used as a decarburizing gas. The ratio of pH2O/pH2 was set to avoid the oxidation of the iron strip. A cast iron strip with 10 mm × 20 mm × 1 mm in an alumina boat was put into the horizontal furnace and heated up to 1 248 K or 1 327 K at the 2%H2/Ar atmosphere. 1 248 K and 1 327 K were selected for decarburizing temperature because at those temperatures, no ferrite phase and no liquid phase are formed during decarburization according to the phase diagram. Heating rate was fixed to 15 K per minutes in all experiments. When temperature reached to the target temperature, H2O/H2 gas was introduced instead of 2%H2/ Ar for decarburization. Gas flow rate was fixed to 300 cc/ min in all cases. Decarburizing time was 5, 15, 30, 60 and 120 minutes for 1 248 K decarburization and 5, 15, 30 and 60 minutes for 1 373 K decarburization. After decarburization, sample was water quenched or air cooled. Initially, it was supposed that the carbon diffusion may occur around the interface during air cooling. To examine the effect of cooling rate on the carbon diffusion, two different cooling processes were applied. From the preliminary experiment, it was found that the carbon diffusion around the interface during the air cooling is negligible. The difference of the cooling rate is only the formed phase, and the interface position does not changed by the cooling arte.
Analysis Methods
After decarburization, the sample was cut into small pieces by a shearing machine. The average carbon content of the sample was measured by the combustion infrared detection method. Standard sample calibration was done before measuring for accurate results. For the microstructure investigation, a mounting sample was polished and etched by 2% Nital solution. An optical microscope was used for microstructure analysis. EBSD was used to identify phases through cross section of the samples.
Results
Microstructure of Decarburized Cast Iron
The microstructure of the as cast sample (4.35 mass% C, 3.89 mass% C) is shown in Fig. 6 , and is consisted of cementite and ferrite phases. The ferrite can be formed by the phase transformation during the cooling process. The average size of cementite may decrease with the solidification cooling rate. It is expected that the decarburization rate of the cast iron with finer cementite will be faster. The microstructure may have a strong effect on the decarburization rate of cast iron. In this study, the sample was prepared by using slip casting. To investigate the supposed decarburization process in S 3 process, the sample should have almost the same microstructure produced by strip casting. The cooling rate of the cast iron is the most important factor which determines microstructure. Average cooling rate of the centrifugal casting machine is calculated from the secondary arm spacing of austenite in the matrix. From Yoshida's results, 5) the average cooling rate can be obtained by equation where d2 is secondary dendrite arm spacing(um) and v is average cooling rate(K/min). By measuring the secondary arm spacing of 3.89 wt% C as cast strip as shown in Fig.  6(b) , the average cooling rate of the centrifugal casting was calculated to be 10 3~1 0 4 K/s. From Table 1 , the centrifugal casting's cooling rate is comparable with that of the strip casting. From these values, it can be expected that the produced microstructures by the centrifugal casting will not be so different from those of the strip casting.
The cross sectional images of 3.89 mass% C strip as a function of the decarburization time at 1 248 K are shown in Fig. 7 . Samples were air cooled and etched with 2% Nital for 3 seconds. All specimens show clear interface with flat plane and this interface moves from the surface to the center of the strip with the decarburization time. After the decarburization of 120 min, the interface from the top surface and that from the bottom surface meet together and disappear.
The observed structures at 1 373 K are almost the same to that at 1 248 K, but the moving speed of the interface is much faster than that at 1 248 K. Within 30 minutes, the interface disappeared by meeting together. The thin white layer observed just near the surface at 1 248 K as well as 1 373 K is found to be ferrite phase without cementite based on EBSD analysis. It means that the carbon concentration at the surface is so small that the cementite formation is negligible even after 5 min decarburization.
EBSD analysis shows a large fraction of ferrite phase and existence of small amount of cementite at the decarburized layer. These phases were formed during cooling after the decarburization. On the other hand, the center area is mainly composed of cementite. This cementite was formed during solidification. No notable graphite segregation or agglomerates were observed.
The cross sectional images of 4.35 mass% C strip as a function of decarburization time at 1 248 K are shown in Fig. 8 . The samples were water quenched and etched with 2% Nital for 3 seconds. Similar with that of the previous hypo-eutectic strip, the clear interface with flat plane was observed. The coarse cementite needles at the center region maintained their shapes until the interface merged. Due to the fast cooling rate by water quenching, the phase of decarburized zone is mainly martensite rather than ferrite or pearlite. The microstructures of 4.89 mass% C strips decarburized at 1 248 K were found to be nearly the same with that of 4.35 mass% shown in Fig. 8 . The microstructure images of 4.89 mass% C strips decarburized at 1 373 K with varying time are shown in Fig. 9 . Differed from the previous results, the position of the interface was not clear at all and the depth of decarburization layer varies with the position. Furthermore, voids and big agglomerates were observed. It seems that voids are originated from coarse graphite granules and its detachment during polishing. Also this coarse graphite may cause the irregular shape of the interface observed in 4.89 mass% C strip. This result indicates that the large amount of the initial carbon concentration of the strip is not suitable condition for both kinetic analysis and practical application. 
Interface Moving Rates
The depth of the interface for 3.89 mass% C and 4.35 mas% C strips with time were plotted respectively in Figs.  10(a) and 10(b) . The depth of the interface position was defined as a distance between the reacting surface and decarburization interface. The decrease of carbon content (C reduced ) during the decarburization was calculated from the measured average carbon content (C av ) after the decarburization reaction in mass percent unit. 2) where C 0 is the initial carbon content in the strip and C av is the average carbon content in the strip after the decarburization.
It's hard to determine exact value of depth of decarburization in case of 4.89 mass% C strip due to its irregular pattern as shown before, only 3.89 mass% C and 4.35 mass% C strip's decarburization results are shown in the figure. From Fig. 10 , the reaction temperature has a strong effect on the change of depth of decarburized layer, but the initial carbon content seems to have negligibly small effects on these. The depth of the interface position was also plotted as a function of the square root of the reaction time, and the results are shown in where, C is a constant and t is reaction time, y is the depth of decarburization or amount of carbon decreased.
Discussion
Kinetics of the Cast Iron Decarburization
The decarburized layer thickness follows the parabolic relationship as shown in Fig. 10 . It means that the gas film diffusion step is not the rate-limiting process for the decarburization process. As already mentioned, the surface of the specimen was covered with ferritic phase that was formed during cooling to a room temperature after the decarburization process. It means that the removal rate of carbon at the surface is much faster than that of the carbon supply from the inside to maintain the austenitic phase without cementite in the surface zone. Thus, the surface chemical reaction step is also not the rate controlling step in the decarburization process.
If the dissolution of carbon from the cementite is the rate controlling step, the decarburization rate around cementite can be slower than the austenitic matrix. Typically shown in Fig. 8(c) , however, the decarburization interface plane is essentially flat in all the cases regardless of cementite position and size. From this result, the dissolution of carbon from cementite to austenite is also not the rate controlling step. Therefore, the carbon diffusion in the austenite phase from the decarburizing interface to the reacting surface can be confirmed to be the rate controlling step of the gaseous decarburization reaction of the cast iron.
The apparent decarburization reaction at the interface with the gas mixture of H 2 O-H 2 is described by the expression: The decarburization reaction (4) can be further broken down to the elementary steps: where Oad and Cad are the adsorbed oxygen and carbon respectively. Under the chemical equilibrium condition of the reaction (4), the concentration of Oad is determined by the balance between the oxygen supply rate by the reaction (5) and the oxygen removal rate by the reaction (5)'. Namely, the Oad is determined by pH2O/pH2 ratio, or by the oxygen potential of the gas mixture. Due to the fast reaction rates of the reactions of (5) and (5)', the equilibrium concentration of Oad is very rapidly established at the surface. The equilibrium carbon activity at the surface under the H2O-H2 gas mixture is negligibly small. In other words, the equilibrium concentration of Cad at the surface will be estimated as zero. The reaction rate of (6) is also known to be extremely rapid. [15] [16] [17] Thus, the Cad is immediately removed by the reaction (6) as soon as the carbon is diffused to the surface, or Cad should be essentially zero at all times during the decarburization reaction. This is the reason that the ferritic phase without cementite is formed at the surface layer even at the very early stage of the decarburization process.
Diffusion Coefficient of the Carbon Diffusion in the
Austenite Phase Since the carbon diffusion in the austenite phase controls overall reaction, it is important to know the carbon diffusion coefficient in austenite layer. The diffusion coefficient is generally a function of temperature and average carbon content of the matrix. In this estimation, however, the diffusion coefficient was assumed to be constant as a first approximation. It was also assumed that carbon content of center region is the same as the initial carbon content of the cast iron. The carbon concentration at the reacting surface was fixed to be zero from the experimental results. where the moving phase boundary is at x = M. C0 and CII* denote the average carbon content of as cast strip and solubility of carbon at target temperature in the phase II (austenite) respectively. Also, DII and Cs represent average diffusion coefficient of carbon in the phase II and surface carbon concentration respectively. Under these conditions, the fol- (11) Equation (11) simply suggests that the thickness of the decarburized layer is proportional to the square root of the reaction time, t 1/2 . It is well agreed with the experimental results shown in Fig. 11 .
This reasonable agreement means that the described model in the present study can be practically used to evaluate the interface moving rate during the decarburization process of cast iron. In the Eq. (10), the right hand term can be calculated from the experimental measurements. Once value is known, we can evaluate the value of β from the literature. 18) In case of 3.89 mass% C, value of β is calculated as 0.50 at 1 248 K and 0.63 at 1 378 K respectively. In case of 4.35 mass% C, value of β is calculated as 0.44 at 1 248 K and 0.60 at 1 378 K respectively. Then, from Eq. (11) with evaluated β value, we can find out relation between M, DII and t. By curve fitting with the results shown in Fig. 11 , DII can be calculated easily by using Eq. (11) . The results of calculation are shown in Table 2 .
As already mentioned, the diffusion coefficient generally depends on temperature and carbon content of the matrix.
Many models which predict carbon diffusion coefficient in Fe-C system as a function of temperature and average carbon content of the matrix have been investigated by several researchers. Several reported carbon diffusion coefficients as a function of carbon concentration [19] [20] [21] are plotted in Fig.  13 . The reported diffusion coefficient formulae [19] [20] [21] are also shown in Table 3 . In the present carbon diffusion model, however, the diffusion coefficients were assumed to be constant. As a first approximation, this constant value may be assumed to the value at the average carbon concentration in the surface layer. The average carbon concentration was defined by (Cs + CII*)/2 in this study. They are 0.7 mass% at 1 248 K and 0.95 mass% at 1 373 K, respectively. The diffusion coefficients at the average carbon concentrations are also shown as closed circles in Fig. 13 . The evaluated values are reasonably close to the reported values.
For the successful development of S 3 process, the information of the removal rate of carbon from the solidified cast iron strip as well as the interface moving rate is essentially important. The amount of removed carbon from 3.89 mass% C and 4.35 mas% C strips with time were plotted respec- Table 2 . Evaluated carbon diffusion coefficients at austenite phase. Table 3 . Reported models of the carbon diffusion coefficient as a function of temperature and carbon concentration.
Equation A1 19)
Equation A2 20)
Equation A3 In the present study, the diffusion of carbon in the γ phase process is found to be the rate controlling step. Then the carbon removal molar flux at the surface, JC can be equal to the carbon diffusion flux at the surface;
. where S(t) is the total amount of the removed carbon for the decarburization time of t. Namely, the amount of the carbon removal is proportional to the square root of the reaction time under the assumption of pseudo steady state. The parabolic dependency shown in Fig. 15 can be explained based on the Eq. (15) . In other words, Eq. (15) can be used to evaluate the approximate amount of the carbon reduction from the cast iron strip by the decarburization reaction. As already mentioned, 0.5 mass% C steel is commercially produced by using the strip caster at Nucor. 6) This result is used as a benchmark to investigate the feasibility of S 3 process. Namely, the production of 0.5 mass% C sheets by S 3 process is discussed. As shown in Fig. 14 , it takes about 30 min to obtain the strip with the average carbon content of 0.5 mass% C from the 3.89 mass% C strip at 1 373 K. The commercial casting speed of high carbon strip casting is about 60 to 100 m/min. 6, 14) Then, the required length for the continuous decarburization treatment line at around 1 373 K must be about 1.8 to 3 km at least. This is a quite demanding condition to make S 3 process in practice. Thus, to make S 3 process in practice, the decarburization treatment time should be much shortened. The enhancement of the decarburization rate will be the main target of the future study.
Concluding Remarks
In this study, white cast iron strips with three different carbon content (3.89, 4.35 and 4.89 mass% C) are prepared by centrifugal casting method and the gaseous decarburization behaviors of these cast iron strips by H2O-H2 gas mixtures have been investigated at 1 248 K and 1 373 K to investigate the feasibility of "direct steel sheet production from solid cast iron". Based on the microstructures and average carbon content of the decarburized specimen, it has been found that the rate of decarburization of cast iron strips of 1 mm thickness is controlled primarily by slow diffusion process in the austenite phase. The dissociation rate of the cementite into the austenite and carbon is fast enough to maintain the equilibrium concentration distribution between the cementite and the austenite phases at the interface. Based on the kinetic of carbon diffusion process, the apparent carbon diffusion coefficient in the austenite phase is calculated and it shows reasonable agreement with the reported results. The amount of the reduced carbon from the cast iron strip approximately increases with the square root of the decarburization time. The required decarburization time to produce 0.5 mass% C steel from 3.89 mass% C cast iron strips with 1.0 mm thickness at 1 373 K is found to be about 30 min. and this reaction time might be a little bit demanding for the industrial applications. Although the further enhancement of the apparent decarburization rate will be certainly required, it can be said the S 3 process is feasible, rather promising as an alternative steelmaking process to meet the demands from environmental issues. Despite of its innovative feature, S 3 can be employed as the actual industrial process with some modifications of the conventional processes.
